On the nature of the phase transition in the itinerant helimagnet MnSi 
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A careful study of thermodynamic and transport properties of a high quality single crystal of 
MnSi at ambient pressure suggests that its transition to a helical magnetic state near 29 K is 
weakly first order. The heat capacity, temperature derivative of resistivity, thermal expansion and 
magnetic susceptibility exhibit a specific structure around the phase transition point, interpreted as 
a combination of first and second order features. Conclusions drawn from these experiments question 
prevailing views on the phase diagram of MnSi and propose that the phase transition under study 
becomes second order at high pressure and low temperature. 

PACS numbers: 65.00.00, 75.30.Kz, 75.40.Cx, 77.80.Bh 



Physical properties of the cubic intermetallic com- 
pound MnSi, a weak itinerant helimagnet with 
Dzyaloshinski - Moria interaction [l|, Q have been stud- 
ied extensively for more than for 40 years since discovery 
of its spin ordered phase at the temperature slightly be- 
low 30 K Neutron-diffraction measurements showed 
that MnSi had a helical spin structure with a propaga- 
tion vector in the [111] direction (3]. Interest in studying 
of MnSi was greatly enhanced by the finding that the 
temperature of the magnetic phase transition decreased 
with pressure and tended to zero at about 1.4 GPa with 
expectations of the quantum critical behavior [B[ . 

Despite theoretical conclusions that phase transition 
in MnSi can be fluctuation-induced first-order j(| 0, HI 
all the physical properties of MnSi studied up to now 
seem to be continuous across the phase-transition line 
at ambient pressure. Consequently, when a significant 
change was observed in the temperature dependence of 
ac susceptibility at the phase transition under high pres- 
sure was found 

UGH ee > als ° 0,13), it 

was accepted 

as a manifestation of the existence of a tricritical point 
and first-order nature of the phase transition in MnSi 
at low temperatures and high pressures. Nevertheless, 
some remarkable properties of the phase transition in 
MnSi are not understood. In particular, some quantities, 
like thermal expansion coefficient [3 , heat capacity [3 , 
temperature coefficient of resistivity [1 21 ] display a well- 
defined shoulders on the high temperature side of their 
corresponding peaks at the phase transition and the na- 
ture of these shoulders remains a puzzle [151]. With these 
unresolved issues, it is appropriate to carry out system- 
atic investigation of physical properties of MnSi with the 
same well-characterized sample. 

To this end, heat capacity, electrical resistivity, ther- 
mal expansion in magnetic fields, dc and ac magnetic 
susceptibility were measured at ambient pressure on a 
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FIG. 1: Temperature dependence of heat capacity divided by 
temperature near the phase transition in MnSi 



high quality MnSi single crystal. As will be discussed, 
the heat capacity and temperature derivative of resistiv- 
ity, thermal expansion and magnetic susceptibility be- 
have as if they diverge at the Curie point. Some of these 
quantities (heat capacity, thermal expansion coefficient, 
and temperature coefficient of resistivity) display a dou- 
blet structure, with sharp and broad components at the 
phase transition point. We argue that the sharp compo- 
nent is a slightly broadened delta function, corresponding 
to a first-order phase transition. These new results sug- 
gest that the magnetic phase transition in MnSi is weakly 
first order at ambient and low pressure, with small vol- 
ume change AV/V of order 10 -6 , and becomes second 
order at pressures higher than 0.35 GPa, an interpreta- 
tion that reverses the prevailing view about the nature 
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of the phase transition in MnSi and that suggests a new 
look at the physics of MnSi at temperatures close to zero 
and high pressure. Specifically, these conclusions suggest 
that the asymptotic crossing point of the phase transi- 
tion line and the pressure axis at T=0 in MnSi is a real, 
continuous quantum-critical point. 
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FIG. 2: Dependence of temperature coefficient of resistivity 
dp/dT on temperature in the vicinity the phase transition in 
MnSi. 

For these studies, a large single crystal of MnSi was 
grown by the Bridgman technique from a stoichiomet- 
ric melt of appropriate quantities of distilled manganese 
[13 and silicon with purities of 99.99% and 99.999% re- 
spectively. Samples of necessary size and orientation for 
various experiments were cut by low power spark erosion. 
X-ray studies give a lattice parameter a = 4.5598(2) A at 
298 K and overall mosaicity less than 0.1°. A further in- 
dication of crystal quality is reflected in a resistivity ratio 
-R30o/-Rt^o equal to 230. From the saturated magnetiza- 
tion at high field and T=5K, magnetic moment per atom 
Mn is 0.4 [is, whereas, fitting low field (100 Oe) inverse 
susceptibility data in the range 120-300 K to a Curie- 
Weiss form gives an effective moment of 2.27 per Mn 
in the paramagnetic phase. These values agree well with 
previous reports. According to results from the current 
experiments, the temperature of the phase transition in 
our sample of MnSi is confined to the limits 28.7-29 K. 

Resistivity measurements were carried out by a stan- 
dard four-probe technique. To avoid complications con- 
nected with possible contamination of the sample surface 
during cutting, polishing and etching, we use a small 
splinter of the MnSi crystal with dimensions of about 
2 x 0.7 x 0.5 mm 3 . Heat capacity was measured by adi- 
abatic calorimeter with an accuracy about of 1% in the 
temperature interval 4-40 K. The indicated accuracy can 
be achieved only with temperature steps no less than 
0.5 K, and to increase the resolution several subsequent 
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FIG. 3: Magnetic susceptibility % = M/H of MnSi as func- 
tion of temperature. Measurements were made in a field of 
10 Oe. The ac susceptibility data were scaled by simple mul- 
tiplication. 



runs were performed. DC magnetic susceptibility mea- 
surements were made in a Quantum Design Magnetic 
Properties Measurement System; whereas, ac suscepti- 
bility was measured with a two-coil set up (drive and 
pick up coils) by a standard modulation technique at a 
modulation frequency 19 Hz. Linear thermal expansion 
measurements were performed in a capacitance dilatome- 
ter with resolution about 0.05 A [l^]. In all these experi- 
ments, temperature was measured by the calibrated Cer- 
nox thermometers with potential overall resolution and 
accuracy not worse than 0.05 K. 

As seen in FigfJJ and FigfJJ the heat capacity and the 
temperature coefficient of resistivity of this crystal of 
MnSi show well-defined shoulders on the high temper- 
ature side of the peaks that define the phase transition. 

Mi- 
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A new and 



This is similar to previous reports 
quite significant feature observed in the current heat ca- 
pacity data, even given the accuracy and temperature 
resolution (~ 0.2 K) of the experiments, is the sharp 
form of the prominent peak (FigfTJ). The temperature 
coefficient of resistivity shows the same trend within the 
greater scattering of the data (Figj2]). 

DC and ac magnetic susceptibility data are plotted in 
FigE](a) and the temperature derivative is given in Fig[3] 
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FIG. 4: Linear thermal expansion coefficient of MnSi in the 
vicinity of the phase transition. A small hysteresis about 0.03 
K that can be seen at the transition in the plot magnification 
should be taken into account, but probably it is too small to 
ascribe to it any significant physical meaning. Variation of 
the relative length of the sample close to the transition point 
is shown in the inset. For better view a background contri- 
bution was subtracted from the original data. The width of 
the transition is compatible with the temperature resolution 
of the experiment. 

(b). The unusual shape of xCO m t ne vicinity of the 
phase transition is seen in the inset of (a). This form 
can be considered as the result of a sudden jump-like 
increase in the magnetic susceptibility at the transition 
point, which well demonstrated in the Figf3](b). Without 
this jump, the magnetic susceptibility curve would look 
like one typical of antiferromagnetic phase transition. 

These indications for the first-order component of the 
phase transition in MnSi are reinforced the high resolu- 
tion thermal expansion data (Fig0]). The existence of 
slightly broadened delta function developing within the 
continuous anomaly of the thermal expansion coefficient 
a = (l/Lo)dL/dT clearly exposes the first-order nature 
of the phase transition in MnSi at ambient pressure. In- 
tegration of the curve a(T) (inset of FigH]) permits an es- 
timate the relative volume change at the first-order phase 
transition in MnSi as ~ 3 x I0~ 6 . 

Now we turn to Figf5]and Fig[5that illustrates the in- 
fluence of magnetic field on the thermal expansion co- 
efficient of MnSi. In case of the helical spin ordering, 
magnetic field is not directly coupled with the order pa- 
rameter, and hence, no significant effect of magnetic field 
on the phase transition is expected until the field-induced 
ferromagnetic state appears at about 3500 Oe 0. As 
seen in FigO moderate magnetic fields up to 250 Oe even 
sharpen the phase transition (probably a result of form- 
ing a single domain sample) and obviously do not change 
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FIG. 5: Linear thermal expansion coefficients of MnSi near 
the phase transition in magnetic fields. 



its nature for fields less than 4000 Oe, as anticipated. 
We point out that any possible effects of reorientations 
of the helical structure and emerging conical magnetic 
structure do not reveal themselves in FiglH Figl6] but 
the fast degradation of the first order transition between 
3000-4000 Oe clearly indicates formation of the ferromag- 
netic spin structure. 

These results lead to the conclusion that the doublet 
structure of the peaks of the heat capacity, tempera- 
ture coefficient of resistivity, thermal expansion coeffi- 
cient and the jump in the magnetic susceptibility at the 
Curie point in MnSi are result from the combination 
of second-order and first-order features. This identifies 
the phase transition as weakly first order, most likely in- 
duced by fluctuations 0, 0, @, H(| . Taking into account 
data [12j , where disappearance of the doublet structure 
in dp/dT at pressure was observed above 0.35 GPa, we 
conclude that at higher pressures the transition becomes 
second order and continues this way down to zero tem- 
perature. Consequently, the indicated pressure 0.35 GPa 
should correspond to location of a tricritical point. The 
above conclusions completely reverse the widely accepted 
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FIG. 6: 3D plot of linear thermal expansion coefficients of 
MnSi near the phase transition in magnetic fields. 

view of the phase diagram of MnSi and affirm that the 
real, continuous quantum-critical point should be situ- 
ated at the transition line at T — ► [22|, [25| . 
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